Apicomplexan parasites such as Babesia, Theileria, Eimeria, Cryptosporidium and Toxoplasma greatly impact animal health globally, and improved, cost-effective measures to control them are urgently required. These parasites have complex multi-stage life cycles including obligate intracellular stages. Major gaps in our understanding of the biology of these relatively poorly characterised parasites and the diseases they cause severely limit options for designing novel control methods. Here we review potentially important shared aspects of the biology of these parasites, such as cell invasion, host cell modification, and asexual and sexual reproduction, and explore the potential of the application of relatively well-established or newly emerging genetic manipulation methods, such as classical transfection or gene editing, respectively, for closing important gaps in our knowledge of the function of specific genes and proteins, and the biology of these parasites. In addition, genetic manipulation methods impact the development of novel methods of control of the diseases caused by these economically important parasites. Transient and stable transfection methods, in conjunction with whole and deep genome sequencing, were initially instrumental in improving our understanding of the molecular biology of apicomplexan parasites and paved the way for the application of the more recently developed gene editing methods. The increasingly efficient and more recently developed gene editing methods, in particular those based on the CRISPR/Cas9 system and previous conceptually similar techniques, are already contributing to additional gene function discovery using reverse genetics and related approaches. However, gene editing methods are only possible due to the increasing availability of in vitro culture, transfection, and genome sequencing and analysis techniques. We envisage that rapid progress in the development of novel gene editing techniques applied to apicomplexan parasites of veterinary interest will ultimately lead to the development of novel and more efficient methods for disease control.
Introduction
Globalisation and climate change are driving forces that are rapidly changing our world. These unforeseen factors cause rapid expansion of previously controlled or geographically contained parasitic diseases of veterinary importance, such as tick and mosquito borne diseases caused by Babesia, Theileria and, albeit to a lesser extent, Plasmodium (Giles et al., 2014; Karbowiak, 2014; Novikov and Vaulin, 2014; Dantas-Torres, 2015; Tokarevich et al., 2017) . In addition, these rapid global changes favour the expansion and importance of other diseases such as toxoplasmosis, neosporosis, eimeriosis, and cryptosporidiosis. The common feature among these diseases is that they are all caused by apicomplexan parasites. If uncontrolled, some of these parasites can severely impact the production of food, but in addition, they can also compromise human health. Other negative consequences include increased acaricide and drug resistance, and the rapid geographical expansion of vectors, parasites and other pathogens by extensive human migration and global transportation of goods and merchandise. These new realities are among the most important and unanticipated public health challenges of the current century and require urgent attention.
The Apicomplexa are a large and diverse ancient phylum of obligate intracellular protozoan parasites that are defined by the presence of an apical complex structure, and include more than 6000 species (Seeber and Steinfelder, 2007) . They are arguably the most successful group of obligate parasitic protozoa responsible for life-threatening diseases in domestic, food, and wild animals. In particular, certain apicomplexan parasites, such as Babesia, Theileria, Cryptosporidium, Eimeria, and Toxoplasma have a high global negative impact on animal health. The global cost of tick transmitted pathogens in the livestock sector alone, of which a significant percentage derives from apicomplexan parasites, was estimated at US $17 billion, approximately 20 years ago (de Castro, 1997) . More recently, the global impact of the incidence of neosporosis alone in the cattle industries of 10 selected major countries was estimated to be more than US $1218 million per annum (Reichel et al., 2013) . Therefore improved strategies to control these important parasites are clearly overdue.
Apicomplexan parasites typically have complex life cycles and the ability to invade multiple vertebrate and invertebrate hosts and cells thus imposes severe challenges to most currently available control strategies. Their long-term co-evolution with their hosts has produced sophisticated adaptation mechanisms, resulting in parasites that are able to effectively manipulate innate and adaptive host immune responses and, in some cases, transform their host's cells.
Until recently, numerous gaps in our knowledge and understanding of the biology of these parasites and the diseases they cause have severely limited options for designing new methods for control. Research aimed at filling basic key knowledge gaps, including the role of certain genes in the regulation of life stage transitions, the molecular mechanisms involved in host cell invasion, avoidance of host immunity, and parasite transmission, through the application of recently developed gene manipulation methods, will contribute toward the identification of critical parasite-encoded pathways. These research outcomes can be exploited to enhance rational design of novel methods for control, particularly vaccines and drugs.
Given the importance of apicomplexan parasites as pathogens, new research strategies are urgently required to accelerate discoveries leading to improved control. The relatively recent application of a myriad of emerging ''omics" disciplines, together with other state-of-the-art molecular biology techniques including biochemical, immunological, and in vitro culture techniques in apicomplexan research, are already enhancing our understanding of the biology of these parasites and creating exciting new hypotheses. In this review, we focus on recent research and possible future directions involving genetic manipulation approaches for Toxoplasma, Neospora, Babesia, Theileria, Eimeria, and Cryptosporidium. Toxoplasma gondii is a highly adaptable parasite with the ability to infect a wide range of hosts, and has become a 'model organism' for the Apicomplexa. It can cause abortions in infected animals and has the potential to produce a large zoonotic impact, especially when it infects immuno-compromised hosts. Neospora caninum is highly related to Toxoplasma and also responsible for abortions in livestock. Babesia spp. are tick-borne intraerythrocytic parasites that may infect livestock and most domestic animals, causing anaemia and high levels of mortality in naïve adult animals. The tick-borne Theileria parasites are unique due to their ability to transform host leucocytes, resulting in high cattle losses in eastern sub-Saharan Africa with severe economic consequences. Eimeria includes various species capable of causing coccidiosis in animals, including cattle, sheep, goats, and poultry (Chartier and Paraud, 2012) . The more divergent Cryptosporidium parasites cause important intestinal disorders in livestock, including diarrhoea, and have high zoonotic potential.
Collectively, this group of apicomplexan parasites is responsible for poorly controlled acute and persistent infections of veterinary importance. Increased strategic and basic research in this field will ultimately lead to enhanced control methods, improved animal health, productivity in crop-livestock and pastoralist systems and, ultimately, human health globally.
Basic biological features of apicomplexan parasites
This phylum of parasitic alveolate protozoans comprises obligate endoparasites of animals that share apical complex structures. Apicomplexan parasites are mostly motile, using gliding mechanisms based on myosin motors. The alveolar structure of these protozoans consists of flattened vesicles contained in three membrane layers which are penetrated by micropores. The apical complex provides orientation for specific interactions with host cells, and contains the secretory organelles needed for host cell invasion, including the micronemes (or microspheres in the case of Theileria), typically a pair of rhoptries, and dense granules or spherical bodies (Bonnin et al., 1995; Kats et al., 2006; Gubbels and Duraisingh, 2012; Kemp et al., 2013; Swapna and Parkinson, 2017) , and other structures such as the conoid (except for the Aconoida Babesia and Theileria parasites) and polar rings. The apical complex is a secretory structure that is required for invasion of host cells. However, in Theileria, the apical complex plays a greater role in establishment after internalisation, rather than invasion. Also 'micronemes' in the strict sense are not discernable by electron microscopy, although 'microspheres' can be observed in these parasites.
Apicoplasts are a chloroplastic remnant derived from a symbiotic organism that invaded a precursor of dinoflagellates and apicomplexans, and are also shared among most apicomplexans (Lim and McFadden, 2010; McFadden and Yeh, 2017) . However, plastid DNA has never been identified in Cryptosporidium, and it is likely that this parasite lost this organelle in evolutionary history (Sato, 2011) .
The genome of apicomplexans is haploid, and the parasites can reproduce asexually by mitosis (merogony and sporogony), and sexually by the fusion of gametes (generated by gametogony, derived from merozoites), concomitant with meiosis occurring in zygotes (Smith et al., 2002) . In the case of Theileria, and Babesia, gamete fusion and meiosis occurs in the arthropod tick vector. These reproductive events may occur in a single host in the case of monoxenous species, such as Crytosporidium, or in different hosts, for heteroxenous species such as Toxoplasma, Neospora, Theileria and Babesia. The latter develop in definitive hosts, where they undergo sexual reproduction, and in non-definitive hosts by nonsexual mechanisms (e.g. endodyogeny in Toxoplasma, merogony in Theileria and Babesia, and schizogony in Theileria) (Smith et al., 2002 ).
An aspect shared among protozoans, also essential to their pathogenicity, is their ability to disseminate and colonise new hosts. Transmission strategies are also variable among the Apicomplexa. These parasites are diverse and can use distinct modes of transmission including direct (ie: through intimate body contact for example); faecal-oral (e.g., cyst stages of Cryptosporidium and Eimeria), vector-borne (Babesia, Theileria, Plasmodium) or predator-prey transmission (Toxoplasma gondii). Thus, while Babesia and Theileria parasites are transmissible by ticks and Plasmodium via mosquitoes, Cryptosporidium, Eimeria, Toxoplasma and Neospora are transmitted via oocysts that are highly resistant to environmental factors. Infections caused by Babesia and Theileria parasites normally initiate mammalian host infection following inoculation of sporozoite stage parasites by the arthropod vectors, specifically ticks (Babesia and Theileria), whereas Toxoplasma, Eimeria, and Cryptosporidium infections can be caused by exposure of the hosts to cysts.
Parasite life cycles
The life cycle of Theileria is broadly similar to that of Babesia spp. However, uniquely among protozoa, the schizont stage of certain Theileria (including Theileria parva, Theileria anulata, and Theileria lestoquardi) induce transformation of the bovine/ovine leukocytes after invasion by the sporozoites. These multinucleate schizonts immortalise ruminant leukocytes by a process similar to virally-induced cancers of mammalian cells (reviewed by Dobdelaere and Huessler, 1999 ) a process that is reversible in vitro by buparavaquone (Marsolier et al., 2015) . The transformed cells are easily maintained in culture, but the intracellular nature of the schizont makes Theileria difficult to manipulate genetically. The subsequent red cell-infective stages exhibit more limited replication than Babesia and are therefore more difficult to culture for genetic manipulation.
While most of the life cycles of apicomplexan parasites are understood or at least partially characterised at the cellular level, very little is known about the events underpinning these processes at the molecular and genetic levels, one important example being the regulation of genes involved in life cycle transitions. Our ability to disrupt such events may lead to novel methods of control, but more basic research is needed before this can be attempted in a targeted fashion. These shortcomings can be addressed using transformation methods which can provide important insights on the role of genes in the development of the life cycle of the parasites (Pieszko et al., 2015; Alzan et al., 2016a,b) .
Infection involves multiple levels of host-parasite interactions, and thus development of disease is multifactorial. On one hand, the susceptibility of the host depends on age, gender, nutritional and physiological state, and it immunological competence. However parasite properties such as pathogenicity, or expression of intrinsic virulence factors, are also important.
Parasite virulence factors
Parasite molecules responsible for inducing pathology, known as virulence factors or virulence determinants, often correlate directly with the capacity of the parasite to survive and reproduce. However, these factors may also adversely affect host survival and fecundity. This applies pressure on host populations resulting in the long term selection of more resistant individuals. Infectious organisms co-evolve with their hosts, exerting a powerful and continuous evolutionary pressure on host populations. Other parasite factors mediate cytoadhesion facilitating the persisting infection of the host (as is the case for Babesia bovis) while simultaneously evading the immune system of the host by antigenic variation (Allred and Al-Khedery, 2004; Dzikowski and Deitsch, 2006; Wahlgren et al., 2017) . For these reasons some virulence factors, especially those involved in interaction with effectors generated by the immune system of the hosts, might represent appropriate targets for vaccine development. The use of gene manipulation approaches for the phenotypic characterisation of mutants that are deficient or have partially functional virulence factors can be a powerful method to characterise these factors and thereby help to define vaccine candidates or novel drug targets in apicomplexan parasites.
Genomes and gene conservation
Complete and annotated genomes for apicomplexan parasites addressed in this review are currently available (http://eupathdb. org/eupathdb/). Detailed comparisons of these genomes permits identification of conserved molecules involved in common and likely essential pathways, including parasite survival and persistence, that can be the target of gene manipulation techniques, and for the rational design of therapeutic interventions. However, it is often challenging, based on sequence conservation alone, to exploit these data to assign a specific function and to identify those genes that represent optimal targets or candidates for therapeutic interventions. Because such conserved proteins might be essential to the parasite, it can be challenging to use gene knockout (KO) approaches for their functional characterisation. However, these comparisons also allow the identification of speciesspecific genes and gene families supporting species-specific adaptations resulting in distinct life-cycles and infection strategies. For instance, several molecules associated with the apical complex, the defining morphological feature of the Apicomplexa, responsible for mediating attachment, invasion and establishment within host cells, are mostly conserved among this major group of parasite genera of veterinary importance. These include proteins expressed in conserved secretory organelles such as rhoptries, micronemes and spherical bodies/dense granules that release their contents during invasion in the merozoite asexual stages, including MIC-1, AMA-1, and TRAP1 (Gaffar et al., 2004a (Gaffar et al., , 2004b Cérède et al., 2005; Silva et al., 2010; Salama et al., 2013; Templeton and Pain, 2016) . In addition, the microneme protein SPATR conserved in Plasmodium, Toxoplasma, Eimeria and Neospora was found to contribute to both invasion and virulence (Huynh et al., 2014) . However no obvious homologues have been identified in Babesia, Theileria or Cryptosporidium. Several genes encoding for proteins responsible for functions associated with the development of sexual stages and essential to sexual reproductive mechanisms are also consistently conserved, including HAP 2, CCp, and 6-cys proteins (Bastos et al., 2013; Alzan et al., 2016a, b) . Furthermore, these parasites also share key gene regulatory mechanisms, such as those mediated by the members of the Ap2, HMG and Myb gene families encoding for transcription factors (Alzan et al., 2017) . The value of such comparative genomics is enhanced by using model apicomplexan organisms for functional studies to identify the role of key molecules involved in essential mechanisms, such as invasion and sexual stage development (Kim and Weiss, 2004) . These studies are facilitated by the use of genetic manipulation techniques, as described further in the subsequent sections.
Methods for genetic manipulation
Important constraints to research on apicomplexan parasites have included the difficulties associated with the maintenance of in vitro parasite cultures, the availability of complete, well annotated genomes, and practical tools for their genetic manipulation. However, in recent years, several of the apicomplexan species have been successfully cultured and in some case multiple genomes sequenced. The application of robust GMMs is indispensable for expanding our understanding of gene function and for allowing targeted modifications of parasite genotypes. Current availability of genome sequences provides new opportunities for developing basic research leading to a better understanding of the life-style, gene regulation, metabolism, and invasion mechanisms, potentially leading to the rational design of improved methods of control. The predominant source of this genomic information is EuPathDB (http://eupathdb.org/eupathdb/) (Aurrecoechea et al., 2017) , which currently provides specialised services for Plasmodium spp. (PlasmoDB, (http://plasmodb.org/plasmo/)), coccidians (ToxoDB, http://toxodb.org/toxo/), piroplasms (PiroplasmaDB, http://piroplasmadb.org/piro/), and Cryptosporidium spp. (CryptoDB, http://cryptodb.org/cryptodb/), and the T. parva DB (available at http://erepository.uonbi.ac.ke/handle/ 11295/14283) (Visendi et al., 2011) .
Currently vaccines using attenuated parasites are available for preventing Babesia and Theileria annulata acute infections, but the mechanisms of attenuation remain unknown and these vaccines have several important limitations. The limitations of the Babesia vaccines are discussed in detail elsewhere (Florin-Christensen et al., 2014) . The molecular basis of attenuation of the T. annulata attenuated cell culture vaccine generated by passaging infected monocytes is also so far unknown. Furthermore, although vaccination is efficacious, application to date has been relatively limited and confined to certain countries in North Africa and the Middle East, particularly Tunisia (Darghouth et al., 1999) . In the case of T. parva, there is currently no live attenuated vaccine. An 'infection and treatment' (ITM) procedure is available involving the concomitant delivery of a potentially lethal dose of sporozoites together with a long acting formulation of oxytetracycline. Although ITM is effective and increasingly adopted by pastoralists in certain countries it is expensive, and difficult to produce and standardise (di Giulio et al., 2009) . Consequently, new improved vaccines based on subunit antigens or in parasites that do not have the risk of reverting to virulence and are not transmissible by their vectors are needed. GMMs are research tools that enable investigation of multiple aspects of parasite biology and identification of novel approaches for control, including identification of virulence factors, subunit vaccine components, and parasite transmission factors. These techniques are continuously evolving and are being applied to increasing numbers of organisms. Other possible applications include the use of GMMs to generate attenuated parasites expressing foreign genes coding for exogenous or stage-specific endogenous protective antigens for the development of novel vaccine delivery platforms. The most widely used genetic manipulation methods include classic transfections based on the insertion of exogenous DNA using homologous recombination mechanisms, and more recently CRISPR/CAS9, which has recently been successfully applied to Crytposporidium and Toxoplasma, as described below, and earlier incarnations of gene editing such as TALENs and Zinc-finger nucleases, based on programmable nucleases. By analogy with multicellular eukaryotes the latter, particularly CRISPR/ CAS9, are potentially more flexible and powerful (Ran et al., 2013; Hsu et al., 2014) .
A simplified chronology of the events leading to the development of GMM in apicomplexan parasites of interest is depicted in Fig. 1. 
Genetic modification using transfection
Transfection consists of the introduction of nucleic acid molecules (DNA or RNA) into eukaryotic cells. The transferred nucleic acid, usually DNA, might reside as extra-chromosomal replicating episomes in the nucleus of the transfected cells, or it may also be stably inserted into chromosomes, typically by homologous recombination mechanisms. Transfection methods can be used for multiple applications including the study of promoter function and gene regulation, gene function using reverse genetic approaches, and for vaccine development purposes. Using stable transfections, genes can be targeted and deleted by including appropriate homologous 5 0 and 3 0 flanking regions that are incorporated into the transfecting plasmid DNA. Stable transfected parasite lines can be also used as vaccine delivery systems (Oldiges et al., 2016) . The phenotypic characterisation of geneticallytransformed parasite lines can provide important clues about gene function during different stages of the parasite life cycle (Alzan et al., 2017) .
The initial report of the successful application of transfection to the parasites of interest in this review was the description of a transient transfection method for Toxoplasma gondii . This transient transfection method facilitated the development of a method for the stable transfection of this organism (Kim et al., 1993) . Importantly, transient transfection is a useful approach for defining appropriate electroporation parameters (Suarez et al., 2007) and to identify and test the function and efficacy of regulatory elements (promoters and termination signals) mediating gene expression and regulation. Shortly thereafter, transient and stable transfection methods were also developed for some species of Plasmodium parasites (Goonewardene et al., 1993; Van Dijk et al., 1995) , and for Neospora caninum, where they were easily derived from the work previously performed on the related Toxoplasma (Howe and Sibley, 1997 ). An Eimeria tenella transient transfection system was first reported in 1998 (Kelleher and Tomley, 1998) , followed by the description of the transient expression of the YFP and RFP reporter genes (Hao et al., 2007) and stable transfection, described by Yan et al. (2009) (Fig. 1) . Briefly, transient transfection techniques are designed to introduce and express foreign DNA, usually in the form of a plasmid, into a nucleated cell in a non-stable manner. Thus, in transient transfection, the introduced plasmid nucleic acid does not integrate into the genome of the target cells, and the transfected genes will not be replicated. Transient transfection methods were also developed for B. bovis (Suarez et al., 2004 (Suarez et al., , 2006 Suarez and McElwain, 2008 T. parva (De Goeyse et al., 2015) C. parvum (Li et al, 2009 ), and T. annulata (Adamson et al., 2001) . Transient transfection methods proved to be useful for the definition of promoters in B. bovis and later in Babesia bigemina , and defined a baseline protocol for stable transfection systems at least for T. gondii (Kim et al., 1993) and B. bovis McElwain, 2009, 2010) . Subsequently, similar parasite introduction systems will likely be an essential first step for implementation of CRISPR/Cas9 editing methods, described below. Transient transfection plasmids typically include a reporter gene or a gene that needs to be expressed transiently (such as required for current CRISPR/Cas9 methods), placed under the transcriptional control of a promoter with transcription and translation regulatory regions located at the 5 0 and 3 0 ends, respectively. An appropriate amount of the transient transfection plasmid is then introduced into the target cells using the most effective methods. These include those relying on physical treatments such as electroporation, nucleofection, biolistic delivery (gene gun), or microinjection, and those relying on chemical entities, such as liposomes (Kepczynski and Róg, 2016) .
Stable transfection techniques are based on the ability of the parasites to insert genetic material into their genomes using homologous recombination mechanisms, in a fashion allowing expression of the transfected genes. As for transient transfection, these techniques rely either on the use of liposomes such as lipofectamine or on the application of a controlled electrical pulse, such as in electroporation, or later in nucleofection. These procedures allow the incorporation of exogenous DNA, usually in the form of a circular or linearised plasmid, into the nuclear compartment of a eukaryotic cell. Therefore, basic steps involved include: (i) identification of a suitable genetic marker to select for transgenic parasites ('selectable marker'); (ii) preparation of a transfection plasmid vector containing, at a minimum, a selectable marker gene under the control of a suitable promoter and 5 0 and 3 0 regions to target integration of the construct into the genome; (iii) a liposome, or electroporation/nucleofection protocol which minimises impact on the viability of the target cells; (iv) a method for selection of transfected parasites (Suarez and McElwain, 2010) .
Specific integration of the transfected gene(s) at the intended site into the genome of the target parasite depends upon the operation of homologous recombination mechanisms. The efficiency of the integration process in protozoan parasites is highly variable among species or cells as it heavily depends on the available DNA repair mechanisms, as has been demonstrated for Toxoplasma (Huynh and Carruthers, 2009 ). However, the efficiency of exogenous gene integration can also be affected by the specific DNA base composition of the target cells, as in the case of the A + T rich genome of P. falciparum (Gardner et al., 2002) . Interestingly, Toxoplasma parasites are also difficult to engineer using classic transfection technologies because they have the ability to randomly insert the foreign DNA in sites different from those specifically targeted. This occurs, at least in part, due to the action of the non-homologous end joining (NHEJ) repair mechanisms based on the activity of a gene encoding the KU80 protein. This limitation has been recently addressed by preparing a genetically transformed T. gondii line lacking the KU80 gene, which makes it amenable to gene targeting using homologous recombination mechanisms (Huynh and Carruthers, 2009 ). In contrast, in B. bovis-specific transfection seems to be an efficient technique, at least in terms of targeting, when applied to this organism . Differences in the gene repertoires and genetic structure of other proteins involved in gene repair mechanisms between B. bovis and T. gondii, together with differential regulation of their expression, might also help to explain the differences observed among the mechanisms of gene repair operating in these two organisms. Thus, stable transfection techniques for B. bovis allowed highly specific KO and KO reversion experiments that are needed to study gene function (Asada et al., 2012a,b; Suarez et al., 2015 Suarez et al., , 2015 . Recent progress in Babesia transfection technology includes the demonstration of a method for functional gene analysis by generating gene KO followed by gene function recovery (Asada et al., 2015) , and the demonstration of crossspecies promoter function . This later study describes the ability of a B. bovis ef-1a promoter to function effi- ciently in B. bigemina. This observation suggests that common regulatory signals should exist, allowing the control of promoter functions in both closely related parasite species.
Progress with transfection and genetic manipulation of Theileria has lagged behind other members of the phylum Apicomplexa. As already mentioned transient transfection has been described for T. annulata (Adamson et al., 2001) and T. parva (De Goeyse et al., 2015) sporozoites using both lipofectin or nucleofection techniques to introduce foreign DNA with parasite 5 0 and 3 0 sequences driving expression. However, the process is inefficient, in part because a large number of sporozoites are required, that have to be generated by feeding ticks on infected cattle, and there has been limited experimentation with optimising conditions for introduction of foreign DNA. These studies represent proof of concept, but have not yet been used extensively for applications such as identification of features such as key nucleotides defining promoter sequences.
To develop stable transfection systems for Theileria, it will be necessary to transfect sporozoites with a selectable marker and then use these sporozoites to infect bovine leukocytes. This will enable dissection of parasite-host interactions of the intracellular schizont parasite with its bovine/ovine host cell. A key constraint for T. parva and T. annulata stable transfection to date has been the identification of a schizont-specific selectable marker that can be used on in vitro cultured Theileria-transformed host cells. Recently a novel secreted parasite-specific peptidyl prolyl isomerase (PPI) that is convincingly implicated in bovine host cell immortalisation has been identified in T. annulata, with a corresponding homologue in T. parva (Marsolier et al., 2015) . It has further been shown that the protein represents one of the targets of the anti-Theileria drug buparvaquone. A mutation in the parasite PPI that confers resistance to buparvaquone has been identified and incorporation of this mutation confers resistance to the drug (Marsolier et al., 2015) . This may provide a solution to the current lack of a selectable marker for stable transfection of Theileria.
In addition to stable integration of the targeted sequences into the genome, stable transfected cell lines can be obtained with non-integrated episomes. In these cases, the episomal recombinant DNA is replicated and segregated into the daughter target cells, sometimes in the form of concatemers (Asada et al., 2012a,b) .
Gene editing using programmable nucleases
Targeted genetic editing methods that allow precise modifications in a genome have been developed recently. These methods offer great potential for the manipulation of the genomes of apicomplexan parasites, especially where transfection methods based solely on homologous recombination typically exhibit very low efficiency, as is the case for Plasmodium. A key factor dramatically increasing efficiency of programmable nucleases is their ability to generate blunt-ended double strand breaks (DSBs) in the target DNA of interest. The DSB results in the activation of repair systems in the cells, such as error-prone NHEJ mechanisms, which can repair the break without the presence of donor homologous DNA. Alternatively, the breaks can be repaired by homology directed repair (HDR) mechanisms in the presence of homologous donor double or single strand DNA, leading to the insertion of exogenous genetic material. However, some apicomplexan parasites, such as Plasmodium, and Cryptosporidium lack the NHEJ pathway (Vinayak et al., 2015; Calhoun et al., 2017) . The existence of these alternative pathways also suggests the possibility of using different gene manipulation strategies. Thus, introduction of simple mutations resulting in gene inactivation or disruption can be generated by creating a double break followed by NHEJ. This repair mechanism can generate either insertions or deletions (indels) in the target gene resulting in frameshifts that disrupt the continuity of the open reading frame of the gene, usually leading to the functional knock-out of the gene. If the objective is the insertion of foreign genes, such as reporter genes, it will be necessary to add donor plasmid DNA containing the gene to be inserted, with the addition of homologous flanking regions, to facilitate accurate targeting. In this case, the insertion of the foreign gene will likely be mediated by HDR mechanisms. Importantly, new discoveries on the mechanisms of DNA repair in apicomplexan parasites have revealed the participation of certain proteins such as rad51 and KU80. As discussed earlier, targeted mutation of the KU80 gene resulted in a T.a gondii mutant line that is more efficient for gene targeting, since it favours the KU80-independent HDR mechanism and prevents random incorporation of transfected genes, commonly observed in this parasite. This cell line is thus ideally suited for gene function analysis in Toxoplasma using homologous recombination KO approaches (Huynh and Carruthers, 2009; Smolarz et al., 2014) .
The specific design of gene editing experiments depends on the programming nuclease of choice. The currently available programmable gene editing methods include the use of engineered proteins such as zinc-finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs). More recently RNAguided engineered nucleases (RGENs), have become almost routine in multicellular eukaryotes. Despite the improved target specificity of TALENs, the RGEN methods have the advantages of a simpler design, higher versatility, and lower cost compared with the earlier described techniques requiring protein engineering. Briefly, the ZFNs attach DNA cutting domains derived from the prokaryote Flavobacterium okeanokoites to proteins called zinc fingers that can be customised to recognise certain 3 bp DNA codes. On the other hand, TALENs fuse the same cutting domains to different proteins called TAL effectors. Both ZFNs and TALENs require two cutting domains in order to cleave double-stranded DNA. Excellent reviews on the use of ZFN and TALEN approaches for gene editing are available elsewhere (Ma and Liu, 2015) .
The most widely used RGEN method is based on the CRISPR/ Cas9 system. Greater detail on the discovery and function of the CRISPR/Cas9 system has been described in recent reviews (Lander, 2016; Wright et al., 2016) . Briefly, this bacterial host defense system is divided into three types based on the specific Cas proteins involved. Only the more simple Type II system is used for gene editing, and is essentially based on a single effector Cas9 protein, although other putative effectors can now also be used. Briefly, the acronym CRISPR is derived from ''clustered regularlyinterspaced short palindromic repeats", which together with the Cas (''CRISPR Associated" proteins) endonucleases, such as Cas9, are part of an adaptive immune system that controls bacteriophage pathogens of bacteria and archaebacteria (Wright et al., 2016) . This bacterial immune system provides RNA-mediated immunity against viruses and plasmids based on copying and specifically cleaving exogenous genetic materials. It has been realised that this system could also be used to edit DNA in any prokaryotic or eukaryotic cell if the necessary components are provided. Together, CRISPR and Cas9 are able to target and cut almost any DNA in vivo and, together with transfection techniques, they have quickly become important as efficient and specific tools for gene editing.
The most commonly used CRISPR/Cas9 systems are adapted from Streptococcus pyogenes. A CRISPR-Cas9 system specifically cleaves a DNA sequence through a two-stage recognition process. Initially, as depicted in detail below, a Cas9-sgRNA complex will be able to attach stably to a DNA sequence only if an appropriate, short (often only a few bp) protospacer-adjacent motif (PAM) is located in close proximity. Therefore, an important advantage of the CRISPR/Cas9 type II system is its simplicity, since only three components are required to achieve sitespecific DNA recognition and cleavage. These include a CRISPR RNA (crRNA) and a trans-activating crRNA (tracrRNA) which are required in order to guide the Cas9 enzyme to its target sequence. These two elements (crRNA and tracrRNA) are usually combined into a single synthetic guide RNA (sgRNA). According to experimental design and specific gene targeting the sgRNAs can be designed to include the specific base sequence that matches the target gene of interest. In that way, the complex can redirect the Cas9 enzyme to almost any target sequence. A novel on-line tool, the ''Eukaryotic Pathogen gRNA Design Tool" (EuPaGDT; available at http://grna.ctegd.uga.edu), which identifies guide RNA (gRNA) in input gene(s) can be used for appropriate gRNA design for many eukaryotic pathogens (Peng and Tarleton, 2015) . The S. pyogenes Cas9 endonuclease, which also incorporates nuclear localisation signals (NLS), preferably requires an NGG PAM (with ''N" representing any nucleotide base followed by two guanine, or ''G" bases). However, NAG and NGA PAM motifs can also sometimes be recognised. The 20 bp long sequence in the guide RNA then recognises the homologous DNA target sequence by Watson-Crick base pairing. If the 20 bp target sequence is confirmed by specific binding to the target sequence, allosteric activation of two nuclease domains of Cas9, RuvC and HNH will result in dual cleavage and, accordingly, a complete double-strand break in the target sequence. Clearly, the specificity of any CRISPR-Cas9 system depends heavily on the proper design of the gRNA. This can sometimes be effected using algorithms that minimise the likelihood of off-target effects. In other words, designing CRISPR/Cas9 gene editing experiments requires the design of a 20 nucleotide guiding RNA (sgRNA) that can hybridise specifically with sequences in the target gene. All the sequences encoding the gRNA, the gene encoding Cas9 (including the NLS) and donor DNA need to be provided to the target cells for expression in the form of plasmid DNA. Co-expression of these DNAs can be achieved using a single vector or multiple vector strategies. Thus, for example, a single vector can include the genetic information necessary for the co-expression of Cas9, sgRNA and donor DNA. This can be achieved using transient transfection of an appropriately designed and engineered plasmid with each gene under the transcriptional control of distinct promoters known to be functional in the target parasite. This is now facilitated in B. bovis by the discovery that at least one heterologous B. bigemina promoter is also active in this parasite . Gene editing based on CRISPR/Cas9 has been used successfully for genetic analysis of several apicomplexan parasites of veterinary importance (Cui and Yu, 2016) , including C. parvum (Vinayak et al., 2015) and T. gondii (Shen et al., 2014a, b) . In contrast to T. gondii, the low level of non-homologous or random integration of exogenous transfected genes in B. bovis suggests that this parasite uses mainly HDR rather than NHEJ repair mechanisms.
Despite possible off-target cleavage and other potential limitations, gene editing procedures can be used for understanding gene function, generation of mutated attenuated parasites, or as a tool for the development of novel vaccines with the potential for improving the control of parasites of veterinary interest.
The importance of T. gondii as a model apicomplexan was further emphasised through development of a CRISPR/Cas9 based genome-wide genetic screen for the identification of T. gondii essential genes (Sidik et al., 2016) . The experimental approach involved the application of a genome-wide genetic screen adapted for T. gondii based on CRISPR/Cas9, designed to assess the contribution of each gene from the parasite Toxoplasma gondii during infection of human fibroblasts (Sidik et al., 2016) . This approach allowed the identification of an apicomplexan-conserved invasion factor termed claudin-like apicomplexan microneme protein (CLAMP). Furthermore, approximately 200 essential Toxoplasma genes identified in this CRISPR/Cas9 screen database had homologues in all sequenced apicomplexan genomes. Therefore both the data generated and the novel approach has potential for application to other apicomplexan parasites.
The use of genetic transformation methods greatly accelerates our knowledge of the genetics of apicomplexan parasites and the development of new vaccines. A website to guide the design of CRISPR tools in protozoan pathogens is a useful resource that is currently freely available (http://grna.ctegd.uga.edu/batch.html). Finally, different strategies for the selection of edited parasites, with or without the use of selectable markers, have also been published (Mogollon et al., 2016) .
Recent examples on the use of gene editing methods on apicomplexan parasites of veterinary importance
Toxoplasma gondii and N. caninum are closely related apicomplexans. A heterologous platform for expression of foreign genes based on transfected N. caninum has been recently developed. This system might be useful for analysing specific gene functions, the identification of new vaccine components against the related T. gondii and to investigate the biology of the parasites and the molecules responsible for the phenotypic differences among the highly related N. caninum and T. gondii (Zhang et al., 2010; Mota et al., 2017) .
Cryptosporidia are unusual among apicomplexan parasites. They are able to complete their full life cycle inside a single host, lack apicoplasts, parasitize target cells using alternative invasion mechanisms, feed from the parasitised cell using a unique organelle, and contain a DNA-less atypical mitochondria (mitosome). Their 9.1 Mb genome (Abrahamsen et al., 2004) , encoding 3950 genes, contains numerous genes acquired by lateral transfer from other microorganisms (Beverley, 2015) . In addition, Cryptosporidium spp. lack NHEJ DNA repair mechanisms. Waterborne cryptosporidia are an important cause of gastroenteritis and diarrhoea in animals and in humans, and improved control is needed. However, the identification of Cryptosporidium virulence factors have been delayed by difficulties associated with the ability to maintain the parasite in long-term in vitro cultures and the lack of genetic manipulation tools. As was the case for Toxoplasma, Plasmodium and Babesia, transient transfection methods were initially established using the nanoluciferase gene under the control of regulatory parasite sequences. Initially, optimal transfection conditions were established, allowing the identification of C. parvum 5 0 and 3 0 regulatory regions and the selection of a selectable marker. Then, researchers were able to develop a CRISPR/Cas9 gene editing system used for the repair of a cotransfected mutated nLuc gene in C. parvum (Vinayak et al., 2015) , and to knock out the thymidine kinase gene using a classic targeted deletion approach.
In contrast to Cryptosporidium, T. gondii is relatively easy to culture in vitro and can be efficiently transfected. However, reverse genetic approaches using conventional transfection techniques were difficult to implement in this parasite due to the relatively high rate of non-targeted insertions and low targeting frequencies. As mentioned previously, this is due to unspecific integration by KU-80-mediated activity of the NHEJ DNA repair pathway, which does not rely on DNA sequence homology. These limitations can now be overcome either by using KU80 mutant strains of T. gondii for reverse genetic analysis, or by using more specific gene targeting methods such as the CRISPR/Cas9 method. Recent advances using efficient gene editing methods have been recently reported (Shen et al., 2014a,b; Sidik et al., 2014) . Subsequently, Sidik et al. (2016) developed a genome -wide screen in order to define essential apicomplexan genes using a gene editing method based on CRISPR/Cas9. In addition, combination of an auxin-inducible degron (AID) and genome editing techniques resulted in a novel system for examining essential proteins in T. gondii (Brown et al., 2017) .
Conclusions
We have briefly reviewed general features of apicomplexan parasites of veterinary importance and current gene manipulation methods that can be used to improve our understanding of their genetics and biology. These parasites have a very complex biology and diverse reproductive choices, giving them enormous survival advantages, while providing significant challenges for efficient and improved methods of control. Genetic modification methods are being continuously improved and expanded in their applications, and it is likely that gene editing methods will be soon applied to the study of all the organisms discussed in this review. These approaches may lead to more efficient identification of target molecules in these parasites that can be used for developing novel strategies of control. For instance, interrogation of the role and function of the secreted proteins that mediate the transformation of Theileria-infected lymphocytes (many of which have already been predicted through in silico identification of predicted secreted schizont proteins), and apical complex molecules secreted by Toxoplasma, Babesia, and Crytosporidium. The rapid pace of progress of GMMs, together with other tools, will result in the emergence of novel integrated methods for the functional analysis and modification of genomes, leading to improved understanding of apicomplexan and other parasite lifestyles, and ultimately, to the rational design of improved methods for the control of currently important animal infectious parasitic diseases that threaten the chain of food production, and /or a source of infections in humans. While control of these diseases will be facilitated by the application of GMMs, ultimately, the solutions to multifaceted sanitary problems affecting food production and animal and human health will require better and more coordinated management of diverse scientific, cultural, economic, and political resources available worldwide.
